Previous single-site neurostimulation experiments have unsuccessfully attempted to shift decision-making away from habitual control, a fast, inflexible cognitive strategy, towards goal-directed control, a flexible, though computationally expensive strategy. We employed a dual-target neurostimulation approach in 30 healthy participants, using cortico-cortical paired associative stimulation (ccPAS) to target two key nodes: lateral prefrontal cortex (LPFC) and intraparietal sulcus (IPS), to test whether decision-making can be artificially shifted from habitual toward goal-directed control. Participants received three active stimulations, delivered at least six days apart (each involving 100 paired pulses over the IPS and LPFC, varying the interstimulus interval): two interventional, time-relevant ccPAS (10ms interval) and one control, non-time-relevant ccPAS (100ms interval). Following stimulation, participants completed a sequential learning task, measuring goal-directed/habitual control, and a working memory task. IPS LPFC ccPAS (stimulating IPS, then LPFC with a 10ms interval) shifted decision-making from habitual toward goal-directed control, compared to control ccPAS, but this effect was only visible in a post-hoc contrast. There was no effect of LPFC IPS ccPAS, nor an effect of any PAS condition on working memory. Previous studies have shown ccPAS effects outside the motor domain targeting prefrontal regions on response inhibition, attentional bias, and alpha asymmetry. The present study measures the behavioural effects of parietalprefrontal PAS, focusing on a highly complex decision-making task and working memory. If confirmed in larger studies, this would be the first instance of neurostimulation successfully shifting decision-making from habitual to goal-directed control, putatively via inducing long-term potentiation between the IPS and LPFC. However, we found no effect in the other direction (LPFC IPS ccPAS), and no effect on working memory overall. PAS is a relatively new neuromodulatory technique in the cognitive arsenal, and this study could help guide future approaches in healthy and disordered decision-making.
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1
The effect of frontoparietal paired associative stimulation on decision-making and working memory Nord Goal-directed control relies heavily on intact prefrontal cortex (Smittenaar, processes. In this study, we attempted to increase goal-directed control using a dual- pulses. Using a well-established task and computational model (Daw et al., 2011) , 30 minutes in which ccPAS effect is presumed to be significant (Stefan et al., 2000) .
131
We report the effects of ccPAS targeting the right LPFC and right IPS on the two- coordinates. This illustration was made using previously-published diffusion-weighted 181 imaging data from the Human Connectome Project (healthy subject dataset), employing 182 deterministic tractography on a standardized structural connectome (see previous 183 publication for methodological details and full results (Horn et al., 2017) ). C. The two-step 184 task involved a first level of selection between two symbols, with each having a fixed 185 probability of leading to a subsequent set of stimuli. At the second level, participants 186 selected one of the new symbols, which were each associated with a differential probability 187 of monetary reward. The second-level contingencies (i.e. reward probabilities) shifted slowly 188 and independently over time according to Gaussian random walks; one example is 189 illustrated in Figure 1C ). D. The working memory task began with a fixation cross (500ms) 190 M A N U S C R I P T 
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2-step task
196
The two-step reinforcement learning task is a well-established decision-making were not dependent on a specific reward structure. 
Working memory task
222
The visuospatial working memory task we employed was an orientation delayed- We fit behavioural data from the 2-step task to a hybrid learning algorithm designed 
Questionnaires
Statistical approach
265
In each analysis, we first verified using between-subjects tests that our two 100ms 266 conditions (100ms LPFC preceding IPS and 100ms IPS preceding LPFC, randomly 267 allocated to participants) did not differ from one another; after verifying this, we 268 merged the data sets, considering them as a single control condition.
269
In all analyses, we first attempted to perform parametric statistics: we assessed the 270 normality of raw data using Kolmogorov-Smirnov tests, transforming the data if it was 271 non-normal using common transformations. Next, we assessed the normality of the 
Power calculation
276
We calculated that we would need 29 participants to detect a medium-to-large effect 277 size (Cohen, 1988) We confirm that we have reported how the sample size was determined (power 
2-step task: effect of ccPAS on computational parameters
301
We found no difference between the two 100ms control conditions in either task, so 302 we collapsed across both for a single control condition (see Appendix B for full 303 statistics). In our initial model, we included age, gender, and order (coded as day 304 participants received control stimulation). As there was no effect of age or gender 305 (both p>0.4), we removed these from the model; we retained order in the model as There was a significant main effect of ccPAS condition in a repeated-measures 315 analysis of variance: F(2,52)=4.62, p=0.014 (see Figure 2 ). This effect was driven by 316 the difference between IPS→LPFC and the control condition (paired contrast: 317 t(28)=2.58, p=0.015) and had a medium effect size (Cohen, 1988) r=0.284). There 
2-step task: effect of ccPAS on reaction time analysis
357
We analysed second-stage reaction times (which were normally distributed) by their 
Working memory: effect of ccPAS on precision
373
For the visuospatial working memory task, the raw data distribution of our key 374 measure, working memory precision, was also non-Gaussian but in this case was 375 normally distributed following natural log transformation. The model included the 376 independent factors memory load (i.e., the two working memory conditions) and 377 stimulation (i.e., the three ccPAS conditions), in a 2-by-3 repeated-measures 378 ANOVA design. We initially included age, gender, and order (day of control 379 stimulation) as covariates; neither age nor gender interacted significantly with a 380 variable of interest (p>0.1) and were subsequently removed from the model. 403 We next assessed whether the reported shift in w (towards goal-directed control) 404 following IPS→LPFC ccPAS was associated with either baseline working memory 405 (working memory precision after control stimulation), or the increase in working 406 memory following IPS→LPFC ccPAS. To assess the latter, we calculated a ratio: for 407 w (∆w = w control / w IPS→LPFC ); for working memory precision (∆p = p IPS→LPFC / p control ).
Relationship between shift in goal-directed control and working memory
408
There was no association between baseline working memory precision and ∆w (r=-409 0.087, p=0.655), nor between ∆w and ∆p (r=-0.052, p=0.788) (excluding the non-410 right-handed participant, both p>0.5).
411
We verified the lack of association between ∆w and ∆p using a Bayesian correlation 412 analysis, which showed evidence for the null hypothesis: logBF10=-1.05 (using the 416 We did not find a relationship between any baseline clinical measure (OCI-R, BDI, 
Relationship with self-report clinical measures
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Discussion
420
In this study, we investigated the effect of ccPAS of the right IPS and right LPFC on 421 goal-directed versus habitual control, and visuospatial working memory. Compared 422 to control stimulation, we found that ccPAS timed to stimulate the IPS first followed 423 by the LPFC shifted control towards a goal-directed strategy, but this effect was 424 preliminary and, notably, the distribution under control ccPAS was highly skewed.
425
We did not find a relationship between increased goal-directed control and working 426 memory precision, nor an overall effect on working memory precision, implying that 427 the possible plastic change induced by the ccPAS in the LPFC might differently 428 affect goal-directed control and working memory processes.
429
We have previously shown that ccPAS, usually applied to the motor circuits, can also control stimulation) towards goal-directed control after potentiating the IPS-to-LPFC 459 projection using ccPAS. However, we found no effect in the opposite direction. Our have predicted parietal-to-prefrontal ccPAS would make participants more habitual.
545
The recent fMRI-guided paired pulse study (Santarnecchi et al., 2018) found parieto- for our own findings (which were unidirectional, unlike both of these previous studies) 550 is the report that parieto-frontal ccPAS was ultimately more successful in eliciting 551 changes in the interplay between the two networks, default mode and task-positive.
552
The authors speculated that ccPAS delivered at rest may make the default mode 553 target (in the parietal cortex) more responsive than the task-positive target (in the 554 prefrontal cortex) (Santarnecchi et al., 2018) . This could explain the directionality of 555 our results.
556
It is also worth mentioning that both these previous studies using parieto/prefrontal 557 ccPAS, albeit complementary in approach, differ from ours in a fundamental way: 
569
Moreover, ccPAS effects seem to decay relatively quickly, with no significant 570 changes in fMRI connectivity patterns observed at 40min (Santarnecchi et al, 2018) .
571
Since our working memory task was always performed after the decision-making 572 task (i.e, after ~15min from the end of the stimulation) and lasted 10min (i.e., until 573 ~25min after the end of the ccPAS), it is possible that an efficient plastic effect had 574 worn off by that time, thus explaining our significant findings only in decision-making.
575
Notably, no previous studies have tested the effects of single-pulse parietal 576 stimulation over the IPS on goal-directed control. If our effects were driven solely by 577 this phenomenon, we would expect identical performance across sessions.
578
However, there may be a more complex relationship between parietal and prefrontal 579 stimulation and its timing, which should undoubtedly be explored in future work, 580 using different frequencies. has a unique capacity to directly and specifically modulate neural networks, making it 586 an intervention of particular potential utility in neuropsychiatry. Here, we targeted 587 goal-directed control as a dimensional construct underlying compulsivity (Voon, 588 Reiter, Sebold, & Groman, 2017).
589
We report a preliminary finding that potentiating IPS-to-LPFC connectivity using 590 ccPAS increased goal-directed control, but we did not find an effect in the reverse 591 direction (LPFC-to-IPS), nor did either ccPAS intervention affect working memory, 592 despite our efforts to include both a highly taxing (five distractors) and less taxing 
